Enantioselective transition metal-catalyzed allylic substitutions have been developed as fundamentally important crosscoupling reactions. [1] [2] [3] [4] [5] [6] [7] [8] In general, the heteroatom nucleophiles in these reactions have been largely limited to alkylamines, anilines, carboxylates and phenols. Our laboratory is interested in searching the synthetically useful heteroatom nucleophiles for the synthesis of functionalized allylic compounds (Fig. 1) .
Enantioselective transition metal-catalyzed allylic substitutions have been developed as fundamentally important crosscoupling reactions. [1] [2] [3] [4] [5] [6] [7] [8] In general, the heteroatom nucleophiles in these reactions have been largely limited to alkylamines, anilines, carboxylates and phenols. Our laboratory is interested in searching the synthetically useful heteroatom nucleophiles for the synthesis of functionalized allylic compounds ( Fig. 1) . 9) As our successful examples, we have recently reported the utility of oximes 1 and guanidines 5 and 6 as nucleophiles in the transition metal-catalyzed allylic substitution. [10] [11] [12] [13] [14] Hydroxylamines are also attractive synthetic reagents for allylic substitution, since they have nitrogen and oxygen atoms as nucleophiles. However, the allylic substitution with hydroxylamines has not been studied well and is limited to a simple palladium-catalyzed amination 15, 16) ; thus, there are no reports on asymmetric reactions. We have recently reported that hydroxylamines 2 and 3 having an N-electron-withdrawing substituent, also known as hydroxamic acids, act as reactive oxygen nucleophiles in the enantioselective allylic substitution ( Fig. 1) . 17, 18) As a part of our program directed toward searching the synthetically useful heteroatom nucleophiles, we describe in detail the study of hydroxylamines 4 as nitrogen nucleophiles in the regio-and enantioselective iridium-catalyzed allylic substitutions. 19) In this study, we also expected that comparison with alkylamines, p-anisidine, and 4-methoxyphenol would lead to informative suggestions regarding the asymmetric reaction using the iridium complex of pybox (bis(oxazolinyl)pyridine) ligand.
Results and Discussion
Controlling both regio-and enantioselectivities has been of great importance in the allylic substitution of unsymmetrical substrates with heteroatom nucleophiles. [20] [21] [22] [23] [24] The regioselectivities in reactions using rhodium, [25] [26] [27] [28] [29] [30] [31] [32] [33] iridium, [34] [35] [36] [37] [38] and ruthenium [39] [40] [41] complexes are quite different from those of palladium-catalyzed reaction. Therefore, chiral iridium complexes controlling regio-and enantioselectivities have been a subject of current interest. Recently, we reported that the iridium-complex of pybox catalyzed allylic substitution of unsymmetrical substrates to form branched products with good enantioselectivities. 13, 14, 17, 19) Prior to exploring the enantioselective reaction, we first investigated the viability of hydroxylamine 4A having N-benzoyl and O-benzyl groups (Chart 1). Although the reaction of 4A with carbonate 7 was less effective in the absence of a base, the reaction of 4A with acetate 8 proceeded smoothly by employing Et 2 Zn as a base to give the branched product 9Aa in 60% yield without formation of the linear product.
Based on these results, we next investigated iridium-catalyzed asymmetric allylic substitution with hydroxylamine 4A under basic conditions (Chart 2). In this study, phosphate 10a was employed as an unsymmetrical substrate to prove the efficiency of iridium complex of pybox ligand 12. In our preliminary communication, 19) we reported that the base drama tically influenced the regio-and enantioselectivities. Here 19) ; thus, Table 1 outlines the optimization of reaction conditions using CsOH · H 2 O. To a solution of hydroxylamine 4A and CsOH · H 2 O in CH 2 Cl 2 was added a solution of the phosphate 10a, [IrCl(cod)] 2 (4 mol%) and ligand 12 (8 mol%) in CH 2 Cl 2 , and then the reaction mixture was stirred at 20°C for 1 h (entry 1). The reaction proceeded smoothly to give the branched product 9Aa and the linear product 11Aa in 94% combined yield although low regioselectivity was observed. Enantiomeric excess of 9Aa was determined to be 79% by high performance liquid chromatography analysis using Chiralcel OD-H. The degree of regio-and enantioselectivities was shown to be dependent on the reaction temperature (entries 2-4). Thus, changing the temperature from 20 to Ϫ20°C led to an increase in regioselectivity to 86 : 14 and enantioselectivity to 92% ee (entry 2). The branched product 9Aa was also obtained with 92% ee, after being stirred at Ϫ40°C for 17 h (entry 3). In the absence of ligand 12, the iridium-catalyzed reaction of 4A with phosphate 10a did not occur. This result indicates the remarkable background reaction did not proceed under the present mild conditions using CsOH · H 2 O. The reaction proceeded slowly at Ϫ60°C to afford 9Aa with 87% ee in 87 : 13 ratio (entry 4). The reaction did not proceed effectively when 0.5 eq of CsOH · H 2 O was employed (entry 5). In the absence of CsOH · H 2 O, practically no reaction occurred (entry 6). The use of [IrOMe(cod)] 2 led to an increase in enantioselectivity to 95% ee (entry 7). However, in the absence of base, the reaction using [IrOMe(cod)] 2 did not proceed (entry 8). In contrast to [IrCl(cod)] 2 and [IrOMe(cod)] 2 , the reaction did not proceed effectively when [IrCl(coe)] 2 was employed (entry 9).
To gain further insight into the reactivity of hydroxylamines, several hydroxylamines 4A-D and allylic substrates 10a-d were tested under the reaction conditions using [IrCl(cod)] 2 (Chart 3). The nitrogen atom of hydroxylamine 4B having two electron-withdrawing substituents acted as a reactive nucleophile in allylic substitution ( Table 2 , entries 1 and 2). The reaction at Ϫ20°C gave the branched product 9Ba with 87% ee in a 73 : 23 regioselectivity (entry 1). When the reaction was carried out at Ϫ40°C, the product 9Ba was obtained with 85% ee (entry 2). The hydroxylamine 4C having N-benzoyl and O-allyl groups worked well as a nitrogen nucleophile (entries 3 and 4). Changing the temperature from Ϫ20 to Ϫ40°C led to a decrease in regio-and enantioselectivity (entry 4). In contrast, moderate enantioselectivities were observed in the reaction with hydroxylamine 4D having N-acetyl and O-benzyl groups (entries 5 and 6). Phosphates 10b-d worked well, allowing facile incorporation of structural variety (entries 7-11). The use of phosphate 10d having 1-naphthyl group led to an increase in regioselectivity to Ͼ95 : 5 and enantioselectivity to 96% ee (entries 10 and 11).
The branched products can be converted into functionalized allylic compounds (Chart 4). The branched product 9Aa was easily converted into 13. The absolute configuration of product 13 was determined to be S upon comparison with authentic compound (R)-13.
85) The combination of intermolecular allylic substitution with metathesis is a useful method for the synthesis of heterocycles as demonstrated by Evans. We next studied the asymmetric reaction with alkylamines as compared with hydroxylamines (Chart 5). Although N,Ndibenzylamine 17A has nucleophilic property even in the absence of a base, excellent enantioselectivity and chemical efficiency were obtained when CsOH · H 2 O was employed (Table 3 , entries 1-3). In the presence of CsOH · H 2 O, the reaction proceeded smoothly at Ϫ20°C to give the branched product 18A with 95% ee within 1 h (entry 1). The reaction at Ϫ40°C afforded the product 18A with 87% ee (entry 2). In the absence of CsOH · H 2 O, the reaction with 17A was less effective (entry 3). Similar trend was observed in the reaction with N-benzylamine 17B. The product 18B was obtained with 94% ee under the reaction conditions using CsOH · H 2 O (entry 4). N,O-Dibenzylhydroxylamine 17C worked well (entries 5 and 6). Treatment of phosphate 10a with 17C at Ϫ20°C gave the branched product 18C with 71% ee (entry 6).
Next, the asymmetric reaction with less reactive aniline derivative was investigated (Chart 6). Although p-anisidine 20 participated in the present reaction, formation of branched product 21, linear product 22 and diallylated product 23 were observed. The use of CsOH · H 2 O as a base led to an increase in regioselectivity and enantioselectivity (Table 4) . p-Anisidine 20 worked well at Ϫ20°C to give the branched product 21 with 88% ee in 81 : 9 : 10 ratio (entry 1). The product 21 was also obtained with 87% ee after being stirred at 716 Vol. 59, No. 6 Ϫ40°C for 24 h (entry 2). In the absence of CsOH · H 2 O, treatment of phosphate 10a with 20 gave 21 with 72% ee (entry 3). Although the effect of base on these enantioselectivities was questioned, we assume that one role would involve the activation of catalyst.
We finally investigated the asymmetric reaction with 4-methoxyphenol 24 (Chart 7). In the presence of CsOH · H 2 O, the reaction of 10a with 4-methoxyphenol 24 proceeded slowly to afford the branched product 25 with poor enantioselectivity (Table 5 , entry 1). To improve the reactivity and selectivities, the effect of bases was next studied (entries 2-5). Although Ba(OH) 2 · H 2 O was less effective for the present reaction, improved selectivities and chemical efficiencies were observed when K 2 CO 3 was employed. The reaction using K 2 CO 3 at Ϫ20°C gave the 72% ee of the branched product 25 with a 92 : 8 regioselectivity (entry 5). Results from this study show that the iridium complex of pybox ligand is able to catalyze the allylic substitution with less reactive O-nucleophiles such as phenols.
In conclusion, we have demonstrated that the iridiumcomplex of pybox catalyzed the allylic substitution with hydroxylamines in good enantioselectivities. Good regio-and enantioselectivities were also achieved in allylic substitution with alkylamines, p-anisidine, and 4-methoxyphenol.
Experimental
General Melting points are uncorrected. 1 H-and 13 C-NMR spectra were recorded at 500 MHz, and at 125 MHz, respectively. IR spectra were recorded using Fourier transform (FT)-IR apparatus. Mass spectra were obtained by EI or FAB methods. Preparative TLC separations were carried out on precoated silica gel plates (E. Merck 60F 254 ). Flash column chromatography was performed using E. Merck Kieselgel 60 (230-400 mesh).
[a] D values are measured in 10 Ϫ1 deg cm 2 g
Ϫ1
. The ratios of products were determined by 1 H-NMR analysis. Enantiomeric excess was determined by high performance liquid chromatography (HPLC) analysis. Products 19A, 87) 19B, 88) 22, 89) 23, 89) and 26 90) are the known compounds. N-((S)-1-phenylallyl) N-((S)-1-(4-chlorophenyl) (S)-N,N-Dibenzyl-1-phenylprop-2-en-1-amine (18A N-Benzyl-N-(benzyloxy)-1-phenylprop-2-en-1-amine (18C .0130 mmol) in CH 2 Cl 2 (1.0 ml) at Ϫ20°C. After the reaction was completed, the reaction mixture was diluted with water and then extracted with AcOEt. The organic phase was dried over MgSO 4 and concentrated at reduced pressure. The ratio of products was determined by 1 H-NMR analysis of crude products. Purification of the residue by preparative TLC (hexane : AcOEtϭ10 : 1, 2-fold development) afforded the products 21 (64.8 mg, 84%), 22 89) (7.3 mg, 9%) and 23 89) (8.1 mg, 10%). 2 Cl 2 (1.0 ml) at Ϫ20°C. After the reaction was completed, the reaction mixture was diluted with water and then extracted with AcOEt. The organic phase was dried over MgSO 4 and concentrated at reduced pressure. The ratio of products was determined by 1 H-NMR analysis of crude products. Purification of the residue by preparative TLC (hexane : AcOEtϭ15 : 1, 2-fold development) afforded the products 25 (62.4 mg, 81%) and 26 90) (5.5 mg, 7%). 
General Procedure for Enantioselective Allylic Substitution of Amines

4-Methoxy-N-((S)-1-phenylallyl)benzenamine (21)
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(S)-1-Phenyl-1-(4-methoxyphenoxy)-2-propene (25)
